Abstract. In this study, to investigate the effects of naringin on vascular endothelial cell (VEC) function, proliferation, apoptosis, and angiogenesis, rat VECs were cultured in vitro and randomly divided into four groups: control, serum-starved, low-concentration naringin treatment, and high-concentration naringin treatment. MTT assay was used to detect cell proliferation while Hoechst 33258 staining and flow cytometry were used to detect apoptosis. Changes in the expression of apoptosis-associated proteins [GRP78, CHOP, caspase-12, and cytochrome c (Cyt.c)] were detected using western blotting. JC-1 staining was employed to detect changes in mitochondrial membrane potential. Intracellular caspase-3, -8, and -9 activity was determined by spectrophotometry. ELISA was used to detect endothelin (ET), and a Griess assay was used to detect changes in the expression of nitric oxide (NO) in culture medium. The study further divided an ovariectomized (OVX) rat model of osteoporosis randomly into four groups: OVX, sham-operated, low-concentration naringin treatment (100 mg/kg), and high-concentration naringin treatment (200 mg/kg). After 3 months of treatment, changes in serum ET and NO expression, bone mineral density (BMD), and microvessel density of the distal femur (using CD34 labeling of VECs) were determined. At each concentration, naringin promoted VEC proliferation in a time-and dose-dependent manner. Naringin also significantly reduced serum starvation-induced apoptosis in endothelial cells, inhibited the expression of GRP78, CHOP, caspase-12, and Cyt.c proteins, and reduced mitochondrial membrane potential as well as reduced the activities of caspase-3 and -9. Furthermore, naringin suppressed ET in vitro and in vivo while enhancing NO synthesis. Distal femoral microvascular density assessment showed that the naringin treatment groups had a significantly higher number of microvessels than the OVX group, and that microvascular density was positively correlated with BMD. In summary, naringin inhibits apoptosis in VECs by blocking the endoplasmic reticulum (ER) stress-and mitochondrial-mediated pathways. Naringin also regulates endothelial cell function and promotes angiogenesis to exert its anti-osteoporotic effect.
Introduction
Osteoporosis (OP) is a systemic metabolic bone disease characterized by an increase in bone fragility and susceptibility to bone fracture. It not only reduces the quality of life of elderly individuals, but also causes significant financial burden to patients' families and society. Despite the fact that OP has developed into a serious social issue that has gained extensive attention worldwide (1), the pathogenesis of OP remains unclear.
Blood vessels are an important factor in the process of bone formation, and angiogenesis plays an important role in maintaining the dynamic balance between bone regeneration and resorption (2) . Exogenous vascular endothelial growth factor (VEGF) has been shown to enhance fracture repair in a mouse model of femoral fracture by promoting angiogenesis, ossification, and bone turnover (3) . Similarly, angiogenesis is an important feature of fracture repair, where an adequate blood supply is the basis of successful bone regeneration (4) . Furthermore, inhibition of angiogenesis has been shown to inhibit fracture repair (5) . The incidence of postmenopausal OP is associated with a reduction in bone marrow microvessels, and the promotion of angiogenesis exhibits anti-osteoporotic effects (6) . Therefore, in view of the importance of angiogenesis in the growth and development of bone, it may be closely associated with OP (7) (8) (9) (10) .
Vascular endothelial cells (VECs) are simple squamous cells that exhibit selective permeability, regulate vascular tone, promote blood capillary formation, and exhibit other important physiological functions. Several studies have shown that apoptosis in VECs is closely associated with endoplasmic reticulum (ER) stress and mitochondrial depolarization, and that inhibition of apoptosis can protect the vascular endothelium (11, 12) . In addition, VECs secrete various vasoactive substances that regulate vascular function such as endothelin (ET) and nitric oxide (NO), which can further affect bone metabolism. Prispy et al (13) found that reduction in metaphyseal bone mass is associated with decreased bone marrow blood flow in elderly patients, and is induced by inhibition of endothelium-dependent vasodilation. Furthermore, physical exercise-induced increase in bone mass was shown to be associated with enhanced endothelium-dependent vasodilation via the NO synthase signaling pathway (14) .
Naringin, a flavonoid compound, is the main active ingredient in the traditional Chinese medicinal plant Drynaria, and exerts various biological and pharmacological effects (15) . Drynaria is widely used in the treatment of OP, although its mechanism remains unclear (9) . Studies have shown that naringin promotes the differentiation and proliferation of various types of cells (16) (17) (18) , and was found to improve bone mass in an osteoporotic rat model (19) . Naringin also promoted osteoclast apoptosis through the mitochondrial-mediated apoptotic pathway, thereby inhibiting bone loss in an ovariectomized (OVX) rat model of OP and exhibiting anti-osteoporotic pharmacological activity (20) . However, its effects on VECs and angiogenesis remain unclear. The present study explored the effects of naringin on the function, proliferation, and apoptosis of VECs, as well as on angiogenesis and its mechanisms, to provide a theoretical basis for the clinical application of naringin in the treatment of OP.
Materials and methods

In vitro experiments
Culture of rat VECs. All protocols were approved by the Renji Hospital Animal Care and Ethics Committee. Lung tissue was aseptically excised from 1-day-old newborn Sprague-Dawley (SD) rats and rinsed with phosphate-buffered saline (PBS) to remove the pleura. Tissue was trimmed into 1-mm 3 tissue blocks, cultured in Dulbecco's modified Eagle's medium (DMEM) low-glucose medium supplemented with 10% serum in 6-cm culture dishes, and incubated at 37˚C and 5% CO 2 for about 3-5 days until cells emerged from the tissue edges. Cells were digested with 0.25% trypsin, filtered to remove tissue, and further cultured for 1 week. After that, cells were digested and sub-cultured until the fifth passage before use.
MTT cell proliferation assay. MTT assay was performed as described previously (18) . Briefly, VECs were seeded at a density of 1x10 4 Hoechst 33258 staining. VECs were randomly divided into four groups: control (10% FBS), serum starvation (0% FBS), low-concentration treatment (0% FBS + 10 µg/ml naringin), and high-concentration treatment (0% FBS + 100 µg/ml naringin). Serum-free starvation culture conditions were established by growing cells to 80-90% confluence before discarding the medium, washing cells twice with PBS, and culturing in FBS-free DMEM. This cell preparation procedure was repeated for subsequent cytological assays.
For Hoechst 33258 staining, cells were seeded at 1x10 5 cells/well into a 6-well plate. Cells were treated for 24 h, and cellular morphological changes were observed by inverted phase contrast microscopy. Culture medium was removed and Hoechst 33258 staining solution (Beyotime Institute of Biotechnology) was added to the cells. Morphological nuclear changes were observed under fluorescence microscopy.
Detection of apoptosis by flow cytometry. Cells were seeded at 2x10 5 cells/well into 6-cm culture dishes and treated as described above for 24 or 48 h prior to digestion with 0.05% trypsin-EDTA to harvest the cells. Cells were then subjected to Annexin V/propidium iodide (PI) staining and flow cytometry was performed according to the manufacturer's instructions (BD Pharmingen, San Diego, CA, USA). Apoptotic cells were counted and represented as a percentage of the total cell count.
Detection of proteins associated with apoptosis by western blotting. Cells were seeded at 5x10 5 cells/well into 6-cm culture dishes and treated for 24 h as described above, after which 100 µl 2X SDS cell lysis solution was added per dish. Cellular proteins were then harvested and stored at -70˚C. A mitochondrial and cytosolic protein preparation kit (Applygen Technologies, Inc., Beijing, China) was used to extract cytoplasmic proteins for the detection of cytochrome c (Cyt.c). After measurement of protein concentrations, 40 µg of protein per sample was subjected to electrophoresis and subsequently transferred to a nitrocellulose membrane (Bio-Rad, Berkeley, CA, USA). The membrane was blocked using skimmed milk and incubated overnight at 4˚C with primary antibodies for GRP78 (sc-13968), CHOP (sc-7351), caspase-12 (sc-5627), or Cyt.c (sc-13561) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) at 1:100 dilution, or with antibody for GAPDH (sc-47724; Santa Cruz Biotechnology, Inc.) at a 1:750 dilution. Next, the membrane was washed and incubated at room temperature for 2 h with secondary antibodies (cat. no. A0192; Beyotime Institute of Biotechnology), followed by enhanced chemiluminescence (ECL) autoradiography. Band intensity was measured using an ImageMaster™ VDS video documentation system (Amersham Biosciences Inc., Piscataway, NJ) and represented as fold-change relative to the GAPDH control.
Detection of changes in mitochondrial membrane potential by JC-1 staining. Cells were seeded at 1x10 5 cells/well into 6-well plates and treated for 24 h. JC-1 probe (Beyotime Institute of Biotechnology) was added to detect changes in mitochondrial membrane potential as described in our previous study (21) .
Detection of caspase-3, -8, and -9 activities. Cells were seeded at 5x10 5 cells/well into 6-cm culture dishes, and harvested after 24 h of treatment. Caspase-3, -8, and -9 activities were detected using a caspase-3, -8, and -9 activity assay kit (Beyotime Institute of Biotechnology), and OD at 405 nm was measured using a microplate spectrophotometer (BioTek, Winooski, VT, USA). The caspase activity of cells in each treatment group was represented as fold-change in absorbance relative to control.
Detection of ET and NO in culture medium. Cells were seeded at 5x10 5 cells/well into 6-cm culture dishes and treated for 24 or 48 h before 100 µl of the supernatant was collected from each well and centrifuged to remove impurities and cell debris. ET was detected by ELISA. A standard curve was obtained via serial dilution of standards included in the assay kit (Beyotime Institute of Biotechnology). Each sample was aliquoted into a microtiter plate and OD at 450 nm was measured. NO was detected using a Griess assay (Beyotime Institute of Biotechnology), carried out in accordance with the manufacturer's instructions and with OD measured at 540 nm using a microplate spectrophotometer.
In vivo experiments
Postmenopausal osteoporotic rat model grouping and drug treatment. Six-month-old female SD rats (body weight, 220±8 g) were provided by the Experimental Animal Center of Renji Hospital. The experimental animals received humane care, and the study protocol conformed to the guidelines of the Renji Hospital Ethics Committee. Forty-eight rats were randomly divided into four groups (n=12 per group): OVX, sham, high-concentration naringin treatment (200 mg/kg), and low-concentration naringin treatment (100 mg/kg). After rats were anesthetized via an intraperitoneal injection of ketamine (75 mg/kg), bilateral incisions were made at the lower back into the abdominal cavity. The incision wounds were washed and sutured after removing both ovaries. For the sham group, fat of equivalent weight to an ovary was excised from the vicinity of each ovary. On the third day after ovariectomy, rats in the high-and low-concentration treatment groups were administered naringin solution by daily oral gavage. Rats in the OVX and sham groups were administered physiological saline solution (6 ml/kg daily) by oral gavage. After 3 months of treatment, rats were sacrificed by anesthesia with an intraperitoneal injection of sodium pentobarbital (40 mg/kg).
Bone densitometry. Dual-energy X-ray absorptiometry (DXA; GE Healthcare, Piscataway, NJ, USA) was used to measure bone mineral density (BMD) of the fourth lumbar vertebra (L4), and data analyses were carried out using pre-installed software.
Detection of ET and NO in serum. Blood was collected from the abdominal aorta of rats prior to sacrifice and centrifuged. Changes in ET and NO expression were detected in 100 µl aliquots of the resulting serum using the method described above.
Bone marrow angiogenesis assay. Distal femur specimens from rats were routinely decalcified and embedded in paraffin. Immunohistochemical staining of VECs for CD34 was carried out according to the manufacturer's instructions (R&D Systems, Inc., Minneapolis, MN, USA). Specimens were observed under a microscope at x100 magnification and microvessels in three randomly selected fields of view were counted to obtain an average value (22) .
Statistical analysis. The results of each measurement are represented as mean ± SD and data processing was performed using SPSS v18.0 software (SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) was used for comparisons between groups, and P<0.05 was considered statistically significant.
Results
Effect of naringin on VEC proliferation. The MTT assay results showed that each group treated with a naringin dose of 1-100 µg/ml had a significantly higher cell proliferation rate than the control group, and that the proliferation-promoting effect increased significantly in a concentration-dependent manner up to 100 µg/ml. However, the proliferation-promoting effect ceased at 200 µg/ml, an effect that may be related to drug toxicity. These results revealed that naringin promoted the proliferation of VECs in a specific time-and dose-dependent manner (Fig. 1) .
Effects of naringin on serum starvation-induced apoptosis in
VECs. After 24 h, cells in the serum starvation group showed apoptotic morphology including cell rounding and shrinkage, vacuolization, and detachment from the plate (Fig. 2A) ; Hoechst 33258 staining showed increased chromatin condensation and nuclear fragmentation. However, treatment with a high concentration of naringin effectively suppressed these phenomena (Fig. 2B) . After cells were starved for 24 and 48 h, flow cytometry showed that the average apoptosis ratio in the control VECs was only 2.3±0.8%, but was significantly increased up to 31.1±1.6 and 39.6±1.7%, respectively. The apoptosis ratio in both the high-and low-concentration naringin treatment groups was significantly decreased compared to that in the serum starvation group (P<0.01; Fig. 2C and D) .
Effects of naringin on the expression of proteins associated with ER stress-induced apoptosis.
After 24 h of serum starvation, protein expression of GRP78, CHOP, and caspase-12 was increased significantly compared with that noted in the control group. The expression of GRP78 and CHOP in both the high-and low-concentration naringin treatment groups was significantly decreased compared to that in the serum starvation group. Furthermore, caspase-12 expression in the high-concentration treatment group was significantly decreased compared to that in the serum starvation group. Although the expression of caspase-12 was also decreased in the low-concentration treatment group, the difference was statistically insignificant compared with the serum starvation group (Fig. 3A and B) . According to our results, the inhibition of these three proteins by naringin did not reach control levels, suggesting that naringin partially inhibits the expression of proteins associated with starvation-induced ER stress.
Effects of naringin on the mitochondrial-mediated apoptotic pathway. After 24 h of serum starvation, the mitochondrial membrane potential of the serum starvation group was significantly decreased compared with that of the control group (average value of red/green fluorescence intensity, 0.6±0.2 vs. 3.6±0.3, P<0.01). The mitochondrial membrane potential in both the high-and low-concentration naringin treatment groups (1.5±0.3 and 1.8±0.4, respectively) was significantly increased compared to that in the serum starvation group (3.6±0.3) but did not reach control levels, suggesting that naringin partially inhibits the mitochondrial membrane depolarization induced by starvation (Fig. 4A and B) . After 24 h of starvation, Cyt.c protein expression in the cytoplasm was significantly increased, and both the low and high concen- trations of naringin significantly inhibited the release of Cyt.c protein into the cytoplasm (P<0.01) ( Fig. 4C and D) .
Effects of naringin on caspase-3, -8, and -9 activities.
Caspase-3 is an important protein for apoptosis execution, while the activation of caspase-9 plays a key role in the mitochondrial-mediated apoptotic pathway. Our results showed that caspase-3 and -9 activities were significantly increased after 24 h of starvation, and that both high and low concentrations of naringin significantly inhibited caspase-3 and -9 activities (P<0.05). Caspase-8 activity in each treatment group did not change (Fig. 5A) .
Effects of naringin on ET and NO expression.
After serum starvation, the expression of ET was significantly increased while the expression of NO was decreased in the serum starvation group. Both high and low concentrations of naringin significantly reduced the ratio of ET to NO by inhibiting the expression of ET while enhancing the expression of NO. Differences in ET and NO levels between 24 and 48 h of starvation and between high and low concentrations of naringin were not statistically significant (P>0.05). These results indicated that naringin achieved drug efficacy at a low concentration at 24 h, and that a further increase in drug concentration and exposure time did not enhance the effectiveness of the drug (Fig. 5B-D) . After OVX rats were administered high and low concentrations of naringin for 3 months, the expression of ET in serum was significantly decreased (P<0.05) while the expression of NO was significantly increased compared with the OVX group (P<0.05). However, the expression levels of both ET and NO did not decrease to the levels observed in the sham group (P<0.05) (Fig. 6A-C) .
Effects of naringin on BMD. BMD of the OVX group was significantly decreased compared to that of the sham group, indicating that the model design was successful. The BMD of the fourth lumbar vertebra (L4) in both the high-and low-concentration naringin treatment groups was significantly increased compared to that of the OVX group after surgery (P<0.05), but did not increase to the BMD levels of the sham group (Fig. 6D) .
Effects of naringin on microvascular angiogenesis.
The results of microvascular density analysis (number of microvessels/x100 magnification) showed that microvascular density in both the high-and low-concentration naringin groups was increased significantly compared to that in the OVX group (P<0.05), although it was lower than the sham group microvascular density (Fig. 6E-H ).
Discussion
VECs and new blood vessels are important factors in the process of bone formation (2) . Evidence has shown that postmenopausal OP may be associated with the apoptosis and dysfunction of VECs and a decrease in bone marrow microvessels, and that the promotion of angiogenesis exhibits anti-osteoporotic effects (6, 7, 9) . Naringin, the main active ingredient of the traditional Chinese medicinal fern Drynaria, is characterized by estrogen-like properties that exhibit therapeutic effects on OP by a mechanism that has not been elucidated (16, 20) . Numerous studies have shown that naringin promotes cell proliferation and inhibits cell apoptosis (16) (17) (18) 20, 23, 24) . However, its effects on VEC apoptosis and function, as well as on angiogenesis, have not been reported. This study showed, for the first time, that naringin exhibits a significant proliferation-promoting effect on VECs in a time-and dose-dependent manner. Previous studies of the induction of endothelial cell apoptosis in vitro mostly used exogenous apoptosis-inducing agents (such as hydrogen peroxide) to construct an apoptosis model (25) , a method which may not accurately reflect in vivo conditions. Therefore, in this study, we employed a serum starvation-induced model of apoptosis to simulate an in vivo-like pathological state of nutritional deficiency in VECs (26, 27) . Our results showed that we successfully induced apoptotic cell death by serum starvation, according to the cellular and nuclear morphological changes observed in VECs, similar to previous studies (26, 27) . Previous studies found that naringin inhibited apoptosis in human neuroblastoma cells and neurons (23, 24) , further supporting our findings that the apoptosis ratio was significantly decreased in both the high-and low-concentration naringin treatment groups compared to that in the serum starvation group. These results indicated that naringin reduced the serum starvation-induced apoptosis ratio in VECs, but was incapable of completely inhibiting apoptosis. There are two classical apoptotic pathways: the death receptor pathway and the mitochondrial-mediated pathway, of which the former recruits and activates primarily caspase-8 through the binding of the Fas ligand on the cell membrane to its receptor, leading to cell degradation. Mitochondrial permeability transition results in the reduction in mitochondrial membrane potential and release of Cyt.c into the cytoplasm, activating caspase-9 to cause apoptosis via the mitochondrial-mediated pathway (28) . In the newly discovered ER stress-mediated apoptotic pathway, severe ER stress leads to the upregulation of proteins such as GRP78, CHOP, and caspase-12, leading to apoptosis (29) . Caspase-3 is the central component of apoptotic pathways. Our results showed that the increase in apoptosis ratio induced by serum starvation was correlated with increased expression of Cyt.c, caspase-9, and proteins associated with ER stress (GRP78, CHOP, and caspase-12), and decreased mitochondrial membrane potential. These findings indicated that serum starvation induced apoptosis in VECs via ER stress-and mitochondrial-mediated pathways. However, the expression of caspase-8 was unaffected by this process, suggesting that the death receptor-mediated pathway of apoptosis was not involved. Intervention with both high and low concentrations of naringin inhibited the expression of GRP78, CHOP, Cyt.c, and caspases -3, -9, and -12 as well as decreased the mitochondrial membrane potential, thereby reducing the apoptosis ratio. These results preliminarily indicate that naringin inhibits starvation-induced apoptosis in VECs by inhibiting the mitochondrial-and ER stress-mediated apoptotic pathways. These findings are similar to results reported by Kim et al (23) , who showed that naringin inhibited apoptosis induced by rotenone in human neuroblastoma cells by reducing caspase-3 and -9 activity. However, we found that the inhibitory effect of naringin on apoptosis did not reach the level of the control group, suggesting other apoptotic pathways may participate in starvation-induced apoptosis in VECs in addition to the ER stress-and mitochondrial-mediated pathways. Estrogen receptor activation can inhibit apoptosis in VECs by regulating the ER stress-mediated pathway (30) , and some studies have shown that naringin has estrogen-like effects (16, 31) . Whether these effects play a role in inhibiting apoptosis, however, requires verification by further studies.
Vascular endothelium can produce and release various vasoactive substances after injury, the most important of which are ET and NO (32) . ET exerts a significant vasoconstrictive effect, and studies have found that serum levels of ET in postmenopausal OP patients were significantly decreased after hormone replacement therapy with estrogen, suggesting that ET can affect bone metabolism (33, 34) . NO is an endothelium-derived relaxing factor (EDRF) with multiple beneficial effects such as vasodilation, inhibition of oxygen-derived free radicals, and prevention of leukocyte adhesion to vessel walls. Studies have shown that naringin can regulate the synthesis of NO, thus improving Huntington's disease-like symptoms in rats (35) and post-stroke depression in mice via NO modulation (36) . Recent studies have demonstrated that ET/NO are important vasoconstrictory/vasodilatory factors and that disruption of their balance leads to microcirculatory disturbances, affecting tissue metabolism (32) . Therefore, some studies have suggested that ET/NO disruption directly affects bone microcirculation, preventing blood nutrients from being transported into bone tissue and thereby affecting bone metabolism, contributing to the pathogenesis of OP (9) . Our in vitro experiments showed that both low and high concentrations of naringin reduced the ET/NO ratio in culture medium by inhibiting the excretion of ET by endothelial cells while enhancing NO expression. We further tested naringin in the OVX rat model of OP and found that it exerts a similar in vivo and in vitro regulatory function on ET and NO, and is associated with BMD in rats. These results indicate that naringin allows VECs to function normally by regulating ET and NO expression and maintaining their balance in vivo and in vitro, a mechanism by which naringin may modulate vascular function to further affect bone metabolism.
Studies suggest that localized nutritional deficiency in osteoblasts due to vascular dysfunction and reduced neovascularization contributes to the pathogenesis of OP, and that modulation of angiogenesis can be beneficial in patients with OP (2, 7, 9) . Recent studies have found that OVX mice with OP have a significantly reduced distribution of intraosseous blood vessels compared with control mice, indicating that localized intraosseous angiogenesis is significantly associated with OP (8) . In addition, some researchers have reviewed the correlation between OP and blood vessels from different perspectives and have suggested that aging-induced vascular dysfunction may be associated with OP; hence, the control of angiogenesis can reduce risk factors for OP as well as incidence and mortality rates for OP-related diseases (9, 37) . The OVX model also promotes apoptosis and bone resorption while inhibiting angiogenesis and bone development (38) , findings that have indirectly confirmed the correlation between localized angiogenesis and OP. After we treated OVX rats with naringin for 3 months, MVD analysis in the distal femur showed that the treatment groups had significantly higher MVD than the OVX group, and were positively correlated with BMD. Preliminary results indicate that the promotion of angiogenesis may be one mechanism by which naringin exerts its anti-osteoporotic effects.
We showed that naringin promoted VEC proliferation and inhibited serum starvation-induced apoptosis in VECs by inhibiting the mitochondrial-and ER stress-mediated apoptotic pathways. Additionally, it regulated the function of endothelial cells and promoted angiogenesis, thereby exhibiting an anti-osteoporotic effect. This study provided experimental evidence to clarify the mechanism of action of naringin in the treatment of OP.
